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Programmed cell death (PCD) is essential for several aspects of plant life, including development and stress responses. Indeed,
incompatible plant-pathogen interactions are well known to induce the hypersensitive response, a localized cell death. Mutational
analyses have identified several key PCD components, and we recently identified the mips1 mutant of Arabidopsis (Arabidopsis
thaliana), which is deficient for the key enzyme catalyzing the limiting step of myoinositol synthesis. One of the most striking features
of mipsl is the light-dependent formation of lesions on leaves due to salicylic acid (SA)-dependent PCD, revealing roles for
myoinositol or inositol derivatives in the regulation of PCD. Here, we identified a regulator of plant PCD by screening for
mutants that display transcriptomic profiles opposing that of the mips1 mutant. Our screen identified the oxt6 mutant, which has
been described previously as being tolerant to oxidative stress. In the oxt6 mutant, a transfer DNA is inserted in the CLEAVAGE
AND POLYADENYLATION SPECIFICITY FACTOR30 (CPSF30) gene, which encodes a polyadenylation factor subunit homolog.
We show that CPSF30 is required for lesion formation in mipsI via SA-dependent signaling, that the prodeath function of CPSF30 is
not mediated by changes in the glutathione status, and that CPSF30 activity is required for Pseudomonas syringae resistance. We also
show that the oxt6 mutation suppresses cell death in other lesion-mimic mutants, including lesion-simulating diseasel, mitogen-activated
protein kinase4, constitutive expressor of pathogenesis-related genes5, and catalase2, suggesting that CPSF30 and, thus, the control of
messenger RNA 3’ end processing, through the regulation of SA production, is a key component of plant immune responses.

Programmed cell death (PCD) is essential to several
aspects of plant life, including development and defense
responses. When confronted by pathogens, plants rely
on various induced defenses, such as basal resistance or
pathogen-associated molecular pattern-triggered immunity
(PTI), a defense response elicited by the recognition of
conserved microbial / pathogen-associated molecular
patterns. However, because some pathogens are able
to suppress PTI, many plants also harbor Resistance (R)
genes that, when expressed, produce proteins able to
recognize pathogen effectors either directly or indirectly,
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leading to a strong defense response termed effector-
triggered immunity (ETI). Indeed, avirulent pathogens
carry Avirulence genes whose protein products or the
cellular effects of these products are recognized by plant
R proteins.

Many plant-pathogen interactions are well known to
induce localized cell death at or around the infection
site, a process referred to as the hypersensitive response
(HR; Coll et al., 2011). This HR acts to limit pathogen
growth to noninfected tissues and is accompanied by
ion fluxes, the accumulation of specific signaling mol-
ecules such as reactive oxygen species (ROS) or salicylic
acid (SA), and the expression of plant immunity markers
such as the Pathogenesis Related (PR) genes (Heath, 2000;
Mur et al., 2008; Coll et al., 2011). Some of the ETI-
associated defense mechanisms, such as the accumu-
lation of SA, are also associated with PTI, thus defining
key factors in disease resistance (Vlot et al., 2009).

Although hypersensitive cell death has been exten-
sively investigated, the regulatory mechanisms controlling
PCD in plants remains poorly understood. Recently,
substantial efforts have been made to unravel the signaling
events that lead to cell death and to identify the genes
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involved. Among the different approaches used to identify
the molecular players of plant PCD, mutational analyses
were particularly fruitful, as a large number of lesion-
mimic mutants (LMMs) exhibiting spontaneous cell death
have been isolated in Arabidopsis (Arabidopsis thaliana).
Their characterization suggests roles in pathogen defense,
responses to environmental stresses, and plant deve-
lopment and has led to numerous studies deciphering
signaling pathways that regulate life-or-death decisions
(Moeder and Yoshioka, 2008). One of the best charac-
terized LMMs is lesion-simulating diseasel (Isd1), which
displays a conditional long-day (LD) runaway cell death
phenotype triggered by ROS and SA (Dietrich et al.,
1994; Jabs et al., 1996; Miihlenbock et al., 2008; Huang
et al., 2010). The cell death phenotype of Isd1 has been
shown to require ENHANCED DISEASE SUSCEPTI-
BILITY1 (EDS1) and its interacting partner PHYTO-
ALEXIN DEFICIENT4 (PAD4; Rustérucci et al., 2001).
These two proteins constitute a regulatory hub for gene-
mediated and basal resistance and are required for the
accumulation of SA, but several intermediates in this
signaling cascade remain to be identified. We recently
characterized the LMM mips] mutant (also called Arabi-
dopsis thaliana L-myo-Inositol-1-Phosphate Synthasel), which
is deficient in p-MYOINOSITOL-3-PHOSPHATE SYN-
THASE (MIPS), the key enzyme catalyzing the limiting
step of myoinositol (MI) synthesis, using Glc-6-P as a
substrate (Meng et al., 2009; Donahue et al., 2010; Luo
et al., 2011). The Arabidopsis genome contains three
genes encoding MIPS isoforms that share 89% to 93%
identity at the amino acid level (GhoshDastidar et al.,
2006; Torabinejad and Gillaspy, 2006), but MIPS1 ap-
pears to be responsible for most of the MI biosynthesis
in leaves. Indeed, MIPS1 is more highly expressed
compared with MIPS2 and MIPS3 in wild-type plants,
and MI levels are reduced in mips1 but not in mips2
and mips3 (Donahue et al., 2010). Consequently, the
mips] mutant displays pleiotropic developmental de-
fects, such as reduced root growth or altered venation
in cotyledons (Meng et al., 2009; Donahue et al., 2010),
but one of its most striking features is the light-dependent
formation of leaf lesions due to SA-dependent PCD,
revealing roles for MI or inositol derivatives in the
regulation of these processes. How MI levels can reg-
ulate PCD is not clear. It has been shown that peroxi-
somal hydrogen peroxide (H,0O,) induces the formation
of SA-dependent lesions in the catalase2 (cat2) Arabi-
dopsis mutant and the expression of disease resistance
genes only under lowered MI levels (Chaouch and
Noctor, 2010). Hence, the tissue content of MI has been
suggested to be a key factor determining whether ox-
idative stress induces or opposes defense responses,
but the underlying molecular mechanisms remain to
be unraveled.

To gain further insight into the molecular consequences
of reduced MI accumulation, we performed a transcriptome
analysis of the mips1 mutant and compared our results
with publicly available Arabidopsis expression data. This
analysis revealed a strong similarity with plants infected
with pathogens, other LMMSs such as constitutive expressor
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of pathogenesis-related genesb (cprb/hypersenescencel/onset
of leaf death1), and mitogen-activated protein kinase4 (mpk4)
mutants (Meng et al., 2009). The CPR5 gene encodes a
putative membrane protein of unknown biochemical
function and plays highly pleiotropic roles, particu-
larly in pathogen responses, cell proliferation, and cell
death (Bowling et al., 1997), whereas MPK4 is a
negative regulator belonging to the mitogen-activated
protein kinase defense signaling network (Pitzschke
et al., 2009). mpk4 mutants display a dwarf phenotype,
spontaneous PCD, and constitutive activation of SA
and pathogen responses (Colcombet and Hirt, 2008). We
showed recently that, upon activation of the flagellin-
induced pathogen response, MIPSI controls its own
transcription through chromatin changes induced by
the MPK4 pathway (Latrasse et al., 2013). Indeed, the
expression of MIPS1 was down-regulated in mpk4 and
the accumulation of MIPS1 transcripts was decreased
in flagellin-elicited Columbia-0 (Col-0) wild-type plants
compared with untreated seedlings, indicating that MIPS1
down-regulation is a component of the mitogen-activated
protein kinase-dependent cell death induced by biotic
stress and that comparison of transcriptomic profiles
can be a useful method to identify the regulators of a
common process. To identify negative regulators of PCD,
we searched publicly available transcriptomic data for
mutants in which genes that are up-regulated in mips1
are down-regulated. Using this criterion, we identified
the oxidative stress tolerant6 (oxt6) mutant, which was
described originally as being tolerant to oxidative stress
in a genetic screen of whole seedling phenotypes (Zhang
et al.,, 2008). In the oxt6 mutant, OXT6 dysfunction is
caused by a transfer DNA (T-DNA) insertion in a gene
encoding a polyadenylation factor subunit homolog,
CLEAVAGE AND POLYADENYLATION SPECIFICITY
FACTORS30 (CPSF30). This gene gives rise to two mRNAs
and two polypeptides, owing to alternative polyade-
nylation [poly(A)] site use (Delaney et al., 2006). The
smaller of these transcripts is similar to yeast and
mammalian polyadenylation factor subunits called Yeast
30 kDa homologl (Ythlp) and CPSF30 (for the 30-kD
subunit of CPSF), respectively, while the larger transcript
encodes a polypeptide consisting of a CPSF30-related
domain fused to a second domain that is similar to a
mammalian splicing factor-related protein, YTH domain-
containing proteinl (YTHDC1 or YT521-B; Stoilov et al.,
2002). Previous studies showed that oxt6 mutants lack
both polypeptides as well as their encoding mRNAs
(Delaney et al., 2006; Zhang et al., 2008).

The poly(A) tail at the 3" untranslated region (UTR)
is an essential feature of virtually all eukaryotic mRNAs
that influences stability, nuclear export, and translational
efficiency of the mRNA (Eckmann et al., 2011). It is
synthesized after RNA polymerase II has transcribed past
the cleavage and polyadenylation site and associated
signal sequences. These sequences are recognized by two
key proteins: CPSF and the Cleavage Stimulation Factor,
which associate with the additional cleavage factors CF1
and CF2. These factors cleave the pre-mRNA, which is
then immediately polyadenylated by poly(A) polymerase
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(Mandel et al.,, 2008). In human, alternative polyade-
nylation is very widespread, and the broad modulation
of alternative polyadenylation has been associated with
processes as diverse as cell proliferation and differen-
tiation, neural function, and cancer (Elkon et al., 2013).
Likewise in Arabidopsis, alternative polyadenylation
may affect 60% to 70% of all genes (Shen et al., 2011;
Xing and Li, 2011; Sherstnev et al,, 2012). Using a
genome-wide approach to assess the role of CPSF30 in
alternative polyadenylation in Arabidopsis, poly(A)
site choice in the oxt6 mutant was surveyed (Thomas
et al,, 2012). Interestingly, this study revealed that the set
of CPSF30 target genes was enriched for those involved in
stress and defense responses, a result consistent with the
properties of the oxt6 mutant. In mips1, the onset of PCD is
triggered when plants are exposed to high irradiance
(Meng et al., 2009; Donahue et al., 2010). In restrictive
high-irradiance conditions, many mipsl up-regulated
genes are involved in the oxidative stress response, sug-
gesting that PCD in mips] is induced by increased ROS
production, possibly due to photosynthesis or photo-
respiration. Since oxt6 mutants display enhanced tolerance
to oxidative stress, we reasoned that cell death induction
in mips1 may involve CPSF30.

Here, we have investigated the role of CPSF30 in the
regulation of PCD. We demonstrate that CPSF30 is re-
quired for lesion formation in mips1. Furthermore, since
a mutation in oxt6 is able to suppress cell death in mips1
and other LMMs such as Isd1, mpk4, cpr5, and cat2, our
results suggest that the control of mMRNA 3’ end processing
contributes to the plant immune response by controlling
SA production and signaling.

RESULTS

oxt6 Suppresses Cell Death and Partially Restores a
Wild-Type Phenotype in the mips1 Mutant

The most striking aspect of the mipsl mutants phe-
notype is the spontaneous lesion formation observed
when plants were transferred in long days, whereas
when grown under short-day (SD) conditions, mature
mips] mutants were indistinguishable from the wild
type (Meng et al., 2009). To address the role of CPSF30
in the regulation of PCD, a double mips1 oxt6 mutant
was generated. Four days after transfer in restrictive LD
conditions, cell death was obvious in mips1, whereas the
leaves of the mips1 oxt6 double mutant did not show any
cell death (Fig. 1A). Ion leakage measurements (Fig. 1B)
and trypan blue staining (Fig. 1C) confirmed this
observation.

The oxt6 mutation was located within the first exon
of AT1G30460, 147 bp downstream of the translation
initiation codon (Zhang et al., 2008), thereby preventing
the accumulation of both the short and long CPSF30
mRNAs (Fig. 1D). Because the smaller of the two
CPSF30-derived mRNAs is sufficient to restore a wild-
type stress-sensitive phenotype to the oxt6 mutant (Zhang
et al., 2008), we determined whether this small CPSF30
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RNA also could restore lesion formation in the oxt6 mips1
mutant by crossing mips1 with oxt6 plants expressing the
smaller CPSF30 mRNA (hereafter referred to as mipsl
oxt6 CPSF30). After transfer to LD conditions, cell death
was obvious in the mipsl oxt6 CPSF30 plants (Fig. 1A),
indicating that the smaller CPSF30 polypeptide is suffi-
cient to promote cell death in the mips] mutant.

Another striking phenotype of the mipsI mutant was
the alterations in cotyledon morphology characterized
by irregular margins and altered vascular patterning
(Meng et al., 2009; Chen and Xiong, 2010; Donahue
et al., 2010; Luo et al., 2011). To investigate whether this
abnormality, like lesion formation, also was suppressed
in the oxt6 mutant background, we examined cotyledon
development in the mips1 oxt6 double mutant and in the
mips1 oxt6 CPSF30 complemented line. Cotyledon ab-
normalities were classified in four classes according to
the severity of the phenotype (Fig. 2A). Although the
oxt6 mutation reduced the proportion of plants with
severe cotyledon defects in the mips1 background, it did
not restore wild-type cotyledon development, and the
mips]l oxt6 CPSF30 complemented line displayed the
same phenotype as the mips] mutant (Fig. 2B).

The mips1 mutants also display defects in primary root
development (Luo et al., 2011), but the oxt6 mutation did
not rescue this mips1 phenotype (Fig. 2C), indicating that
CPSF30 is specifically involved in the cell death-related
defects of the mips] mutant but not in other cellular
processes requiring MIL.

Transcriptional Profiling of mips1 oxt6 and mips1
oxt6 CPSF30

To further explore at the molecular level the sup-
pression of the mips1 phenotype by oxt6, we performed
genome-wide transcriptomic analyses using the Com-
plete Arabidopsis Transcriptome MicroArray (CATMA)
version 6 on wild-type and mutant plants grown under
LD conditions. Three transcriptome comparisons were
carried-out, Col-0 versus o0xt6, Col-0 versus mipsl oxt6,
and Col-0 versus mips]l oxt6 CPSF30, and these data
were compared with our previous results from the
Col-0 versus mipsl transcriptome performed using
CATMA version 2 (Meng et al., 2009).

We found that a similar number of genes were dif-
ferentially expressed in oxt6 single mutants (1,457 down-
regulated and 1,206 up-regulated) and mips1 oxt6 double
mutants (1,414 down-regulated and 1,162 up-regulated)
compared with wild-type Col-0. The most important
variation was observed in the mips1 oxt6 CPSF30 line, in
which 4,222 transcripts were down-regulated and 5,229
were up-regulated compared with the Col-0 wild type.
Explanations for this high variation compared with the
mips] oxt6 double mutant could be due to either mis-
expression of the CPSF30 transgene, even though its
own 5’ regulatory sequences were used, or the absence
of the expression of the longer CPSF30 polypeptide in
the mips1 oxt6 CPSF30 line. To identify the types of gene
networks deregulated by the combination of the mips1
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Figure 1. oxt6-mediated suppression of cell death in mipsi. A, Suppression of mips1-mediated cell death in the mips1 oxt6
background and restoration of the cell death phenotype through the complementation of mips1 oxt6 with the smaller of the two
OXT6-derived mRNAs. Plants were grown 1 week in vitro and then 14 d in SD conditions in soil and photographed 5 d after
transfer to LD conditions. Bar = 1 cm. B, lon leakage assays, with means and sb calculated from six discs per treatment with
three replicates within an experiment in SD and LD conditions. The asterisk denotes a significantly different value according to
Student’s t test (P < 0.002). C, Trypan blue staining of wild-type, mipsi, oxt6, and mipsl oxt6 leaves. Bars = 2 mm.
D, Schematic representation of the OXT6 (AT1G30460) gene structure. Light gray boxes indicate the exons present in the
smaller of the two transcripts encoded by this gene, while black boxes represent additional exons present in the larger of the two
OXTé6-encoded RNAs. The sequence represented by the small dark gray box is absent in the larger RNA (alternative splicing
indicated by the dashed line). The structures of the small (CPSF30) and the larger (CPSF30-YT521-B) RNAs are depicted beneath
the illustration of the genomic DNA. The position of the T-DNA insertion (Zhang et al., 2008) in the oxt6 mutant is indicated on

the genomic DNA.

and oxt6 mutations, the data sets were mined with the
software tools Genesis (Sturn et al., 2002) and Easy-GO/
agriGO (Du et al., 2010). We focused on 2,955 genes
that responded differentially in at least two genetic
backgrounds and grouped them into hierarchical
clusters (Fig. 3A). Overall, the heat map indicates that
the transcriptomic profiles of the different mutants can
be grouped into two major categories: mips1 and mips1
oxt6 CPSF30 in one group and oxt6 and mips1 oxt6 in
the other group. These groupings correlated with the
appearance of HR-like phenotypes and also confirmed
an epistatic relationship between mips1 and oxt6, with
o0xt6 being epistatic to mips1.

These analyses also revealed the existence of four
main clusters with distinct expression profiles (Fig. 3A).
Genes belonging to each cluster are listed in Supplemental
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Table S1. Cluster 1 and 2 genes are underexpressed in
mips] and mips1 oxt6 CPSF30 and overexpressed and
underexpressed in oxt6 and oxt6 mips1, respectively. By
contrast, cluster 3 and 4 genes are overexpressed in
mips1 and mips1 oxt6 CPSF30 and underexpressed and
overexpressed in oxt6 and oxt6 mips1, respectively. The
identification of clusters 1 and 3 confirmed that the
expression of a significant number of genes is inversely
controlled according to the presence or absence of
CPSF30.

Further analyses to assess overrepresented Gene
Ontology (GO) terms indicated a link with photosyn-
thesis and metabolism and the organization of plastids
for cluster 1 (Fig. 3B; Supplemental Table S1). These results
were consistent with previous mipsl transcriptomic
analyses showing that the chloroplastic function was
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Figure 2. Phenotypic analysis of
7-d-old mips1 oxt6 seedlings. A,
Cotyledon phenotypes of mips1
seedlings grown under LD conditions
divided into different classes accord-
ing to the severity of the dimorphism.
Bars = 1 mm. B, Relative amounts of
each of the cotyledon phenotypic
classes in the indicated genotypes. C,
Primary root lengths of the indicated
genotypes. Asterisks denote signifi-
cantly different values according to
Student’s ¢ test (P < 0.001).

Class 0

Class 2

severely impaired in mips] mutants under restrictive
conditions (Meng et al.,, 2009). Genes involved in
photosynthesis also were overrepresented in cluster 2
(Supplemental Fig. S1), but as they were underexpressed
in all genotypes, their expression was not dependent on
CPSF30 and, thus, not correlated with cell death. This is
the case for other genes in cluster 2, including responses
to chitin and chemical stimuli, and also for the over-
represented genes in cluster 4 (Supplemental Fig. S1;
Supplemental Table S1), which are overexpressed in all
conditions and, thus, are neither specific to CPSF30
activity nor to lesion formation.

Finally, GO analysis of cluster 3 revealed an overrep-
resentation of genes involved in cell death and immune
responses (Fig. 3C; Supplemental Table S1), consistent
with the phenotype of mipsl and mipsl oxt6 CPSF30
plants. Thus, impaired function of CPSF30 not only
prevented the constitutive activation of defense genes in
mips] but actually decreased their expression to levels
below the basal values observed in Col-0. Since genes
present in cluster 3 are the more likely candidates to
account for the cell death phenotype of mips1, we further
focused our analysis on this set of genes.

To further understand these deregulations, we com-
pared our transcriptomic data with data on CPSF30-
dependent polyadenylation site choice from Thomas
et al. (2012). This analysis revealed that more than 66%
of the transcripts in cluster 3 displayed poly(A) site
choices in their 3" UTR that were absent in the oxt6
mutant. Knowing that about 38% of the Arabidopsis
genes are targeted by CPSF30, it corresponds to a sig-
nificant enrichment (y* > 6.635, P > 0.01), emphasizing
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a correlation between mRNA polyadenylation mediated
by CPSF30 and its potential to contribute to transcriptional
regulation.

The Prodeath Function of CPSF30 in the Absence of
MI Is Not Mediated by Changes in the Cellular
Glutathione Status

PCD is often associated with the concurrent accu-
mulation of ROS (De Pinto et al., 2012), and, as outlined
in the introduction, several lines of evidence suggest
that the increased sensitivity to oxidative stress in mips1
is the cause of its cell death phenotype.

The oxt6 mutant was isolated due to its increased
tolerance to oxidative stress, and genes involved in
oxidative stress are enriched in cluster 3 defined by our
bioinformatic analysis. Thus, we reasoned that the
CPSF30-dependent induction of cell death could in-
volve changes in the redox status of the cells. To assess
whether the inhibition of cell death in mips1 by the oxt6
mutation was mediated by an antioxidant effect, we
quantified the leaf content, 3 or 4 d after transfer in LD
conditions, of both the reduced and oxidized forms of
glutathione, which are sensitive indicators of intracel-
lular redox status (Noctor et al., 2012). The cat2 mutant,
in which ROS signaling is up-regulated (Queval et al.,
2007), was used as a positive control. As expected, a
large increase in glutathione levels, primarily the oxi-
dized form, was observed in the cat2 mutant (Fig. 4).
Although a slight increase in the total glutathione pool
was detected 3 d after transfer to LD conditions in
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Figure 3. Characterization of gene
networks deregulated by the mips1
and oxt6 mutations. A, Hierarchical
5 clustering of genes differentially
expressed in at least two genetic
backgrounds. Red and green corre-
spond to up- and down-regulated
expression, respectively. B and C,
Enriched GO terms of cluster 1
genes (B) and cluster 3 genes (C).
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oxt6 and mips1 oxt6 mutants compared with the control
(Fig. 4A), the ratio of the glutathione oxidized form was
similar in the mutants and the control. For the other
genotypes at 3 d (Fig. 4A) and 4 d (Fig. 4B) after transfer
to LD conditions, the size of the glutathione pool and
the percentage of oxidized glutathione remained un-
changed, with no significant difference according to
Student’s test (P < 0.05). In addition, our transcriptomic
analyses revealed that the transcript abundance of some
glutathione-related genes that were deregulated in the
cat2 mutant (Mhamdi et al., 2010) was not significantly
different in mutants lines compared with wild-type
Col-0 (genes listed in Supplemental Table S2).

Consistently, in situ detection of H,0O, using 2',7’'-
dichlorofluorescein diacetate (data not shown) and
3,3'-diaminobenzidine (DAB; Supplemental Fig. S2)
showed no change in ROS accumulation upon transfer
of the mips1 mutant to restrictive conditions. DAB staining
was detected in dead cells of mips1 and mips1 oxt6 CPSF30
only after 4 d in LD conditions, likely a direct conse-
quence of the ROS damage occurring when cells were
dying (Supplemental Fig. 52).

CPSF30 Regulates Cell Death via SA Signaling and
Camalexin and Scopoletin Accumulation

In addition to genes involved in protection against
oxidative stress, genes involved in SA-mediated signaling
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also were overrepresented in cluster 3. Since lesion
formation in mips1 is SA dependent, we measured the
effect of the oxt6 mutation on SA content in the mips1
background. As reported previously (Meng et al., 2009),
free and total SA contents were similar in the different
backgrounds under permissive conditions but dramat-
ically increased in the mips] mutant 4 d after transfer to
restrictive conditions (Fig. 5, A and B). This increase in
SA was abolished in mipsl oxt6 double mutants, but
CPSF30 mRNA complementation reestablished the in-
crease in total and free SA contents, although it occurred
5 d rather than 4 d after transfer to restrictive conditions.
This result correlated with a delay in the appearance of
lesions observed at 4 d for mips1 compared with 5 d for
the mips1 oxt6 CPSF30 line (data not shown).
Regulation of SA content may partially occur at the
transcriptional level. Indeed, the expression of ISO-
CHORISMATE SYNTHASE1 (ICS1), which encodes an
SA biosynthesis protein, was decreased by MI treat-
ment (Chaouch and Noctor, 2010). Consistently, ICS1
expression levels correlated with the PCD phenotype
(Fig. 5C): expression of ICS1 was three times higher in
the mips] mutant than in the wild-type when plants
were grown under restrictive conditions, and this in-
duction was abolished in the mips1 oxt6 background.
In addition, the oxt6 mutation led to a dramatic down-
regulation of the SA pathogenesis-related marker
transcripts PR1, PR4, and PR5 (Fig. 5, D-F) in mips1
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Figure 4. Cell redox state is not impaired by mips1 A 900 - LD=3
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oxt6 compared with mipsl. Because ICS1 was not
identified as a CPSF30 target in the genome-wide anal-
ysis of polyadenylation sites conducted in the oxt6 mu-
tant (Thomas et al., 2012), we examined whether CPSF30
could target upstream regulators of ICS1. Interestingly,
CBP60g (AT5G26920), a key regulator of ICS1 induction
and SA synthesis (Zhang et al., 2010), was identified as a
target of CPSF30 and was up-regulated in the mipsl
mutant but down-regulated in the mipsl oxt6 double
mutant, although its expression was not modified in
the oxt6 single mutant.

Regarding the SA signaling pathway, among the 18
SA response genes that belong to cluster 3 (Supplemental
Table S1), four of them displayed a poly(A) site choice in
the 3’ UTR that was specifically dependent on CPSF30
(Thomas et al., 2012). These four genes include a re-
ceptor lectin kinase (AT2G37710) induced in response
to SA (Blanco et al., 2005), the MYB Domain Protein51
(AT1G18570) also responding to SA stimuli (van de
Mortel et al., 2012), GRX480 (AT1G28480), a member of the
glutaredoxin protein family, and WRKY70 (AT3G56400), a
member of the WRKY transcription factor family, which
are also involved in SA-mediated signaling (Ndamukong
et al., 2007; Shim et al., 2013).

The indolic compound camalexin (3-thiazol-2'-yl-indole)
and the hydroxycoumarin scopoletin (6-methoxy-7-
hydroxycoumarin) have been shown to accumulate in
Arabidopsis leaves, establishing a hypersensitive cell
death to the avirulent bacterium Pseudomonas syringae
pv tomato AvrRpm1 (Simon et al., 2010). They have been
proposed to act in planta as antimicrobial and antioxi-
dant compounds (Glawischnig, 2007; Simon et al., 2010;
Sherstnev et al., 2012). We quantified these compounds
in our mutants, and, similar to SA, the increases in both
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scopoletin and camalexin levels observed in mips1
were not detected in the mipsl oxt6 background
(Supplemental Fig. S3). Correlatively, the levels of
the PAD3 transcript, which encodes a cytochrome P450
involved in camalexin synthesis (Glawischnig, 2007;
Nafisi et al., 2007), were lower in the mips1 oxt6 mutant
compared with mipsl (Supplemental Fig. S3).

CPSF30 Activity Is Required for Resistance to P. syringae

The ability of SA to activate defense genes leads to
SA-triggered resistance against several bacterial patho-
gens. If CPSF30 is required to induce SA production in
response to stress, oxt6 mutants are expected to show a
decrease in their basal resistance to pathogens. To test
this hypothesis, we determined the sensitivity of mipsl,
oxt6, and mips] oxt6 mutants and of the CPSF30 com-
plemented line to virulent Pseudomonas syringae pv tomato
DC3000 (Pst), which is known to activate SA-mediated
resistance in plants. Whereas the mips] mutant was not
compromised in resistance to this bacterial pathogen, as
already described by Murphy et al. (2008), oxt6 and mips1
oxt6 mutants showed increased susceptibility to Pst in
permissive conditions. In planta growth of the bacteria
(measured as yield of colony-forming units [cfu]) was at
least 5-fold greater in oxt6 and mipsl oxt6 than in wild-
type Col-0 plants (Fig. 6A). However, this increased
susceptibility to Pst was no longer detected in the mips1
oxt6 CPSF30 complemented line.

Next, to test whether oxt6 affected R protein-mediated
resistance, we inoculated Col-0, mips1, oxt6, mips1 oxt6,
and the complemented line with a Pst strain expressing the
Avirulence gene avrRpml (Pst-AvrRpm1). In Arabidopsis,
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Figure 5. CPSF30 acts via SA-dependent cell death and defense response signaling pathways. A and B, Total (A) and free (B) SA
levels in the indicated genotypes, with means and sp calculated from four biological replicates grown for 14 d in SD conditions
and transferred to LD conditions for 4 d (LD4) or 5 d (LD5). FW, Fresh weight. C to F, Real-time RT-PCR analysis of ICST
(AT1G74710; C), PR1(AT2G14610; D), PR4 (AT3G04620; E), and PR5 (AT1G75040; F) expression in the indicated genotypes.
The numbers above each bar denote relative transcript abundance compared with wild-type Col-0 and expressed relative to

AtUBQT10 (AT4G05320) abundance, which served as a control.

AvrRpm1 triggers ETI following indirect recognition by
the coiled-coil-nucleotide-binding-leucine-rich-repeat re-
ceptor RESISTANCE TO PSEUDOMONAS SYRINGAE1
(RPM1) (Boyes et al., 1998). As observed for the basal
resistance, in planta bacterial growth was drastically
higher in oxt6 and mips1 oxt6 mutants than in wild-type
Col-0 plants (Fig. 6B), even though our transcriptomic
analyses showed that RPM1 expression was not modi-
fied in these lines (data not shown). As seen previously,
the decreased resistance to Pst-AvrRpml observed in
oxt6 and in mips1 oxt6 no longer occurred in the CPSF30
complemented line. Collectively, these data demon-
strate that CPSF30 contributed to P. syringae bacterial
pathogen resistance in both basal defense and R gene-
mediated disease resistance pathways.

In order to correlate these altered levels of resistance to
a differential accumulation of SA, as described previously,
SA levels were quantified in the Pst-infected leaves of the
different genotypes. In all infected genotypes, the total SA
content increased 24 h after inoculation with viru-
lent bacteria (Supplemental Fig. S4). However, this
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accumulation was lower in oxt6 and mips1 oxt6 mutants
than in the wild type, mipsl, and the complemented
line, consistent with the differential Pst susceptibility of
these lines.

The oxt6 Mutation Is a General Suppressor of
SA-Dependent PCD

To further confirm that CPSF30 is involved in SA
production, we asked whether it was required for the
onset of PCD in other LMMs. Indeed, several LMMs
display both an SA burst and HR responses. To test
whether oxt6-mediated cell death inhibition also is in-
volved in the suppression of these HR reactions that
have various genetic requirements, we examined the
effect of the oxt6 mutation on several LMMs displaying
similar autoimmunity phenotypes to mips1.

Because a comparison of the mipsl transcriptome
and data available from public libraries allowed us to
identify two mutants, cpr5 and mpk4, that displayed
transcriptomic profiles similar to that of mips1 but opposite

739


http://www.plantphysiol.org/cgi/content/full/pp.114.236083/DC1

Bruggeman et al.

A Pst
10
9 4 *
2 *
AR
=]
G 74 —I——I—
=4
£ 0 -
F—
3 57
°
o 4
=
g 37
2
@ 21
1 4
0
Oh 24h
Hours post-inoculation
[dco-0 [mipst [ oxt6 W mipstoxté W mipst oxt6
CPSF30
B . Pst-AvrRpm1
~ * *
§ 101
2
(&}
=) 8 4
k)
2
£ s -
8 . E
o
5 4
@ =
kit
©
o 2
0
Oh 24h

Hours post-inoculation

Figure 6. The oxt6 mutation affects the immune response. The growth of Pst
(A) and Pst-AvrRpm1 (B) in the indicated genotypes is shown. Five-week-old
plants grown under SD conditions were infiltrated with Pst or Pst-AviRpm1
at the concentration of 10° cfu mL™". Samples were taken at 0, 24, and 48 h
after inoculation. Error bars represent the sp of five replicates. Asterisks de-
note significantly different values according to Student’s t test (P < 0.05).

to that of oxt6, we selected these LMMs for our initial
analysis. Compared with cpr5 and mpk4 single mutants,
cpr5 oxt6 and mpk4 oxt6 double mutants did not display
visible lesions on their leaves when grown in LD condi-
tions (Fig. 7). However, like mips] oxt6 double mutants,
wild-type development was not totally restored in these
double mutants, as they remained smaller than wild-type
plants (Fig. 7). The same analysis was conducted on two
more LMMs, Isd1 and caf2, which both show light- and
SA-dependent PCD (Chaouch et al., 2010; Huang et al.,
2010). Like the other LMMs, the oxt6 mutation was able to
abolish lesion formation in these two mutants when plants
were transferred to LD conditions (Fig. 7), indicating that
CPSE30 regulates PCD by modulating SA signaling.

DISCUSSION

Due to their sessile nature, plants are confronted
continuously with adverse conditions due to both abiotic

740

and biotic stresses. PCD is a vital component of plant
immunity, although the molecular mechanisms that
control it remain poorly understood. To identify
novel regulators of plant PCD, we used a candidate
gene approach and found that the polyadenylation
factor subunit CPSF30 is required for lesion forma-
tion in the mips1 mutant. Our approach revealed that
lesions triggered by a decrease in MI content can be
genetically reverted in the double mutant mips1 oxt6
and reinduced by complementation with CPSF30.
More broadly, loss of CPSF30 function suppressed
cell death in a range of LMMs, including Isd1, mpk4,
cat2, and cpr5, highlighting the general role of
CPSF30 in the control of cell death and plant im-
mune response.

oxt6 Isd1

Col-0 oxt6 Isd1

Col-0 oxt6 cpr5 oxt6 cpr5

oxt6 cat2

Col-0 oxt6 cat2

Figure 7. CPSF30-mediated suppression of cell death in a set of
LMMs. Rosette leaf phenotypes of the indicated genotypes are
shown. Plants were grown 1 week in vitro and then 14 d in SD
conditions in soil and photographed 7 d after transfer to LD condi-
tions. Bars = 1 cm.
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CPSF30 Is a Positive Regulator of the Defense Responses
That Acts Downstream of MI Accumulation

As demonstrated by cellular ion leakage and trypan
blue staining analysis, both of which measure cell
death, oxt6 is epistatic over the mips] mutation, indi-
cating that CPSF30 contributes to cell death activation
in mipsl and acts downstream of MI accumulation.
Although the molecular events connecting the reduced
MI content with changes in CPSF30 activity remain to
be elucidated, one simple explanation would be that
MI levels affect the transcriptional regulation of OXT6,
leading to OXT6 overexpression in the mipsl back-
ground and, subsequently, the constitutive activation
of defense genes. However, quantitative reverse tran-
scription (RT)-PCR and CATMA analyses did not detect
an overaccumulation of the small or large OXT6 tran-
script in the mips] mutant (Supplemental Fig. S5). In fact,
their expression was slightly lower in the mips] mutant
compared with the wild type, suggesting that a negative
feedback mechanism in the mips1 background could limit
OXT6 expression so as to attenuate the autoimmune cell
death response. In addition, this result indicates that PCD
onset in mips] is not due to changes in the relative ex-
pression levels of the two OXT6-derived mRNAs.

It is worth noting that oxt6 suppresses the autoim-
mune response but not the root developmental defects
of mipsl, indicating that these two pathways can be
uncoupled. This observation is consistent with plant
cell MI derivative diversity, which is involved in a
wealth of cellular functions. Due to its position at the
starting point of many metabolic pathways, MIPS1
regulates at least two separate biological processes. It
negatively controls the autoimmune response and it
contributes to proper root development. These broad
roles could be due to the role of MI as a precursor of
phosphatidylinositol (PtdIns), which is an essential
cellular compound involved in various biochemical
and physiological processes, including intracellular signal
transduction (Gillaspy, 2011), membrane construction
and trafficking (Cullen, 2011), and membrane-related
protein anchoring (Borner et al., 2005). Indeed, the loss
of MIPS1 leads to drastically reduced PtdIns levels and
affects endomembrane structure and trafficking
and, consequently, pattern formation by regulating
auxin distribution (Chen and Xiong, 2010; Zhang et al.,
2010; Luo et al.,, 2011). In addition, overexpression of
PHOSPHATIDYLINOSITOL SYNTHASE?2, which con-
verts MI to PtdIns, largely restores the mips1 cotyledon
defects (Luo et al., 2011). We observed a partial restora-
tion of the mips1 cotyledon defects by the oxt6 mutation,
which is consistent with the fact that the severity of
cotyledon developmental defects is correlated with the
light intensity and, hence, the severity of the cell death
phenotype in the previous generation (Luo et al,
2011), possibly due to the negative effect of SA sig-
naling on auxin signaling (Kazan and Manners, 2009).
However, although lesion formation was abolished
completely in the mipsl oxt6 double mutant, the res-
toration of the cotyledon phenotype was only partial,
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suggesting that defects in cotyledon development are
only partly dependent on the spontaneous cell death
phenotype.

CPSF30 Positively Regulates SA-Mediated Immunity
in Arabidopsis

Loss of CPSF30 rescues the cell death phenotype of
several LMMs, including cprb, mpk4, Isd1l, and cat2,
many of which are thought either to accumulate in-
creased amounts of ROS or to be hypersensitive to
ROS production. Indeed, the LSD1 protein is known to
function as an integrator of chloroplast-derived signals
to regulate PCD in response to excess light (Miihlenbock
et al., 2008), the MAPK/ERK KINASE KINASE1-MAP
KINASE KINASE1l (MKK1)/MKK2-MPK4 pathway
plays a central role in oxidative stress signaling (Pitzschke
et al., 2009), and the cat2 mutant is characterized by the
production of H,O, in the peroxisomes, leading to defects
in the cell redox state (Chaouch et al., 2010). Since oxt6
was isolated based on its enhanced tolerance to oxidative
stress, its ability to restore these mutant phenotypes may
be attributed to reduced ROS accumulation. However,
our results indicate that ROS production was not en-
hanced in mips] mutants and, as such, that CPSE30
likely does not modulate cell death by directly altering
ROS production or scavenging. These data are con-
sistent with the results of Chaouch and Noctor (2010)
indicating that MI acts downstream of H,O,-dependent
cell death.

Despite the importance of the glutathione status in
redox signaling, additional complexities of the plant
antioxidative system have been recently highlighted
within several pathways (Meyer et al., 2012) that were
not explored in this work. Thus, we cannot exclude the
involvement of CPSF30 in the redox signaling suggested
by Zhang et al. (2008).

Strong similarities among the transcriptomic profiles
of mipsl, cprd, and mpk4 mutants were identified
previously (Meng et al., 2009). Moreover, we have
described a regulation of MIPS1 expression by MPK4
(Latrasse et al., 2013); thus, it is logical to find common
regulators of MIPS1- and MPK4-dependent cell death.
Although all these mutants display a common cell
death phenotype, they are impaired in different path-
ways and not all of their traits are identical. Indeed,
unlike in mips1, Isd1, and cat2, in cpr5 and mpk4 mu-
tants, lesion formation is not dependent upon light
intensity (Bowling et al., 1997; Brodersen et al., 2006).
Yet, one common feature shared by all of the LMMs
analyzed in this study is that their cell death pheno-
types are dependent on SA accumulation. As such,
CPSF30 is a general controller of the SA pathway
rather than a specific regulator of MI-mediated PCD.
The putative role of CPSF30 as a regulator of SA-me-
diated signaling is further corroborated by the en-
hanced susceptibility of oxt6 mutants to both virulent
and avirulent P. syringae, which is reminiscent of the
increased susceptibility of mutants such as salicylic acid
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induction deficient2 or plants overexpressing the bacte-
rial salicylate hydroxylase, in which SA signaling is
compromised, and invoking CPSF30 as a component
of basal immunity as well as of ETI.

The link between CPSF30 and SA-mediated immu-
nity responses is, at first glance, not apparent. Indeed,
one could hypothesize that CPSF30 directly affects the
expression of a “master” regulator controlling SA ac-
cumulation or, alternatively, that the suppression of
the mipsl phenotype could be a secondary conse-
quence of a more indirect effect. For example, genes
encoding proteins involved in the SA response could
be putative targets of CPSF30. Under the first hy-
pothesis, the oxt6 mutation would be expected to
prevent the 2-fold increase in ICS1 expression in the
mips] mutant caused by transfer to LD conditions, and
this misregulation could account for cell death sup-
pression. Indeed, impairment of ICS1 induction upon
pathogen infection in the pad2-1 mutant has been
proposed to account for the impaired SA signaling
observed in this mutant (Dubreuil-Maurizi et al., 2011).
Based on genome-wide analysis (Thomas et al., 2012)
and our assays, ICS1 is unlikely to be a direct target of
CPSF30. However, the CBP60g transcription factor that
regulates ICS1 appears to be differentially polyadenylated
in a CPSF30-dependent manner, suggesting that oxt6
could act at this level. Interestingly, genome-wide analysis
of polyadenylation sites under various conditions in
Arabidopsis revealed that global alternative polyade-
nylation is reduced upon SA treatment but that 34
Arabidopsis genes use a different polyadenylation site
only after SA treatment (Shen et al., 2011). Thus, it is
likely that CPSF30 regulates both SA production and
response due to its large number of targets.

A Role for nRNA Maturating Complexes in the
Regulation of Defense and Cell Death

Gene expression can be regulated via a number of
mechanisms impinging on the mRNA 3’ end. In both
animal and plant development, alternative 3’ end
cleavage sites are widely used to regulate gene ex-
pression by modulating the length of the poly(A) tails
on mRNAs in the cytoplasm (Eckmann et al., 2011) to
influence the stability, nuclear export, and transla-
tional efficiency of the mRNAs (Hunt, 2008).

Several lines of evidence indicate that CPSF30 has
endonuclease activity, which is consistent with its role
in the processing that precedes poly(A) addition and
also the modifications in the poly(A) tail lengths of
mRNAs in the oxt6 mutant compared with those in
wild-type plants (Addepalli and Hunt, 2007, Zhang
et al.,, 2008, Thomas et al., 2012). It also has been
shown, on a small set of genes, that alternative poly(A)
site choice is a consequence of the absence of CPSF30
(Zhang et al., 2008). However, using a genome-wide
strategy, 53% of all of the poly(A) sites seen in the wild
type can be processed in the absence of CPSF30 (Thomas
et al.,, 2012), indicating that the polyadenylation complex
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includes processing endonucleases in addition to
CPSF30.

In the context of the recent emerging role of RNA-
based regulation in plant immunity, several aspects of
nuclear RNA processing recently have been implicated
in the response of plants to various stresses (Staiger
et al., 2013). Here, we showed that oxt6 and mips1 oxt6
mutants were more susceptible than wild-type control
plants to the virulent bacterium Pst. Furthermore, it
recently has been shown that the reduced activity of
PAPS1, a poly(A) polymerase that is recruited to add
the poly(A) tail after the cleavage of the nascent pre-
mRNA, leads to a constitutive pathogen response via an
EDS1/PAD4-dependent mechanism (Trost et al., 2013;
Vi et al,, 2013). Likewise, the Arabidopsis protein FPA,
which functions independently of the CPSF complex to
regulate alternative polyadenylation, has been shown to
negatively modulate the flagellin response (Lyons et al.,
2013). Combining all of these results, it is tempting to
speculate that some pathogen defense responses are at
least partly mediated by altering the mRNA polyade-
nylation status and, thus, the expression of a subset of
biotic response factors. This is consistent with our tran-
scriptomic data showing that impaired CPSF30 function
not only prevents the constitutive activation of defense
pathways but also decreases these pathways to basal
values below those observed in wild-type plants. A link
with RNA silencing could also be considered, since
CPSF100, another member of the polyadenylation com-
plex, has been shown to prevent the formation of aber-
rant RNAs that would normally enter RNA silencing
(Herr et al., 2006).

A role for CPSF30 and other subunits of the CPSF
complex as actors in immune responses is relevant
outside of the plant kingdom. Indeed, CPSF30 has been
shown to be a target of the Nonstructural Protein1 (NS1)
of the Influenza A virus. NS1 modifies cellular pre-mRNA
processing, including 3’ end formation, by binding to
CPSF30, thereby inhibiting interferon-8 mRNA process-
ing and the processing of other cellular mRNAs, leading
to a blockade of the host innate immune response
(Nemeroff et al., 1998; Krug et al., 2003; Noah et al., 2003;
Twu et al., 2006). Similarly, the Human immunodeficiency 1
virus recently was shown to require the binding of CPSF6
to its capsid proteins to escape the activation of the in-
nate response in macrophages (Rasaiyaah et al., 2013).
Altogether, these results point to intimate relationships
between innate immunity and mRNA processing that
involve the recruitment of proteins such as CPSF subunits
during evolution to govern differential gene expression
and activate defense mechanisms.

CONCLUSION

Our work provides, to our knowledge, the first ex-
ample of CPSF-mediated cell death suppression in a
plant. Although OXT6 is the only gene that encodes an
obvious CPSF30 factor in the Arabidopsis genome, and
genome-wide analyses have revealed that poly(A) site
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choice in a large majority of Arabidopsis genes is al-
tered in the oxt6 mutant, loss of function of CPSF30
leads to differing but somewhat specific or focused ef-
fects, such as the effect on biotic stress responses. Unlike
in Arabidopsis, the ortholog of CPSF30 in yeast, Ythlp,
is an essential protein (Tacahashi et al., 2003). Thus, it
could be argued that, in plants, polyadenylation and the
splicing machinery have evolved differentially to fine-tune
an apparently wide range of plant-specific responses (e.g.
oxidative stress, plant immune responses).

Cell death is strictly regulated to avoid induction
during normal growth and prevent unrestricted cell
death in response to infection. Our understanding of
the SA-mediated defense network has become increas-
ingly more complex with the expanding discovery of
additional SA components, not to mention interactions
among the components. This complexity is augmented
by the fact that SA also cross talks with several other
defense responses and hormone signaling pathways.
The discovery of RNA-binding proteins involved in the
SA-mediated defense signaling network will contribute
to our understanding of the posttranscriptional regulation
of plant responses during biotic stress and the capacity of
this regulation to adapt to and confront pathogens.

MATERIALS AND METHODS
Plant Material and Growth Conditions

T-DNA and other mutant lines of Arabidopsis (Arabidopsis thaliana) were
all in the Col-0 background. The oxt6 mutant and the oxt6 CPSF30 com-
plemented line were kind gifts from Deane L. Falcone, cat2 (SALK_059978)
was from Graham Noctor, and mpk4 (SALK_056245) was from Heribert Hirt.
The Isd1 (SALK_042687) and mips1 (SALK_023626) mutants were obtained
from public seed banks (Alonso et al., 2003). Genotyping of these T-DNA lines
was performed using the oligonucleotides indicated in Supplemental Table S3.
All double mutants were obtained by crossing and were genotyped with the
appropriate oligonucleotides listed in Supplemental Table S3.

For primary root length and cotyledon analyses, seeds were sown on
commercially available 0.5X Murashige and Skoog medium (Basalt Salt
Mixture M0221; Duchefa) solidified with 0.8% (w/v) agar (Phyto-Agar HP696;
Kalys) and grown in an LD growth chamber (16-h day/8-h night, 20°C). For
all other analyses, plants were grown 1 week as previously and transferred to
soil under SD conditions (8-h day/16-h night, 200 wmol photons s~' m™2, 21°C)
for 2 weeks. Plants were then subsequently transferred to LD conditions (16-h
day/8-h night, 200 umol photons s m™2, 21°C) for the times indicated.

Cell Death Assay: Electrolyte Loss and Trypan
Blue Staining

For electrolyte loss, leaf discs were removed with a 5-mm punch and
washed in distilled water for 10 min. Six leaf discs per genotype were trans-
ferred to a tube containing 2 mL of distilled water and agitated 2 h. Conductivity
was then measured with the CDM 210 conductivity meter (Radiometer Ana-
lytical) and expressed as uS per leaf surface (cm?). Means and sp were from four
replicates per genotype per experiment.

For trypan blue staining, rosettes were infiltrated three times under vacuum
with lactophenol trypan solution (2.5 mg mL ™" trypan blue, 25% lactic acid,
23% water-saturated phenol, 25% glycerol, and water). Samples were then
rinsed with distilled water and heated over boiling water for 2 min. After
cooling, samples were destained and cleared with a saturated chloral hydrate
solution and observed with a binocular loupe (Zeiss Stemi SV 11).

RNA Extraction and Quantitative RT-PCR

Total RNA was extracted from rosette leaves using the Nucleospin RNA kit
(Macherey-Nagel) according to the manufacturer’s instructions. First-strand
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complementary DNA was synthesized from 2 ug of total RNA using Improm-II
reverse transcriptase (A3802; Promega) according to the manufacturer’s instruc-
tions. One-twenty-fifth of the synthesized complementary DNA was mixed with
100 nm solution of each oligonucleotide and LightCycler 480 Sybr Green I master
mix (Roche Applied Science) for quantitative PCR analysis. Products were am-
plified and fluorescent signals acquired with the LightCycler 480 detection system.
The specificity of amplification products was determined by melting curves.
AtUBQI0 was used as an internal control for signal normalization. Exor4 relative
quantification software (Roche Applied Science) automatically calculates the rela-
tive expression levels of selected genes with algorithms based on the delta delta
Cycle threshold method. Data were from duplicates of at least two biological
replicates. The oligonucleotides used are described in Supplemental Table S3.

Transcriptome Studies

For the mips] mutant, the microarray analysis was done previously by Meng
et al. (2009) and was performed at the Unité de Recherche en Génomique Végétale
using CATMA version 2 containing 24,276 gene-specific tags. In this study,
microarray analysis for oxt6, mipsl oxt6, and mipsl oxt6 CPSF30 lines was also
performed at the Unité de Recherche en Génomique Végétale using the new
CATMA version 6.2 containing 38,511 probes. Wild-type and mutant plants were
grown under SD conditions for 3 weeks and then transferred to LD conditions
during 4 d to induce lesion formation. Total RNA was obtained by pooling rosette
leaves of several plants and was extracted using the Nucleospin RNA kit
(Macherey-Nagel); two replicates per line were extracted and used for tran-
scriptome analysis. One dye swap (technical replicate with fluorochrome reversal)
was made for each biological repetition. The RT of RNA in the presence of Cy3-
dUTP or Cy5-dUTP, the hybridization of labeled samples to the slides, and the
scanning of the slides were performed as described previously by Lurin et al. (2004).

For each comparison, one technical replicate with fluorochrome reversal
was performed. Microarray data from this article were deposited at Gene
Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/) with accession
number GSE53247 and at CATdb (http://urgv.evry.inra.fr/CATdb/) with
accession number AU12-06_CPSF30.

Microarray Data Analysis and Hierarchical Clustering

For each array, the raw data comprised the logarithm of the median feature pixel
intensity at wavelengths 635 nm (red) and 532 nm (green), and no background was
subtracted. An array-by-array normalization was performed to remove systematic
biases. First, spots considered as badly formed features were excluded. Then, a global
intensity-dependent normalization using the Loess procedure was performed to
correct the dye bias (Yang et al., 2002). Finally, for each block, the log-ratio median
calculated over the values for the entire block was subtracted from each individual
log-ratio value to correct print-tip effects. Differential analysis was based on the log
ratios averaged on the dye swap: the technical replicates were averaged to get one
log ratio per biological replicate, and these values were used to perform a paired
Student’s t test. A trimmed variance is calculated from spots that do not display
extreme variance (Gagnot et al., 2008). The raw P values were adjusted by the
Bonferroni method, which controls the family-wise error rate in order to keep a
strong control of the false positives in a multiple-comparison context. We consid-
ered probes as being differentially expressed after Bonferroni correction at P < 0.05.

For hierarchical clustering, we selected genes that were differentially
expressed in at least two genotypes. Genes were considered as being differentially
expressed when the mean of the two biological replicates had a P < 0.05 after
Bonferroni correction. Hierarchical clustering was performed using Genesis
software (Sturn et al., 2002), with average linkage as agglomeration rule.

GO functional annotations were determined using The Arabidopsis In-
formation Resource version 8.

SA, Scopoletin, and Camalexin Quantifications

Wild-type and mutant plants were grown under SD conditions for 3 weeks
and subsequently transferred to LD conditions. About 100 mg of leaves was
harvested just before transfer to LD conditions (SD conditions) and 4 and
5 d after transfer to LD conditions. Metabolites were extracted as described by
Baillieul et al. (1995) with the following modifications. [“CISA was added to
each sample for extraction loss correction. Samples were dried in a SpeedVac
(Savant Instruments). Half of the dried samples were directly used to analyze
camalexin and free forms of SA and scopoletin. The other dried samples were
subjected to acidic hydrolysis in order to determine total SA (free plus con-
jugated forms) and scopoletin. HPLC analyses were achieved according to
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Simon et al. (2010) using the Waters system described previously. Peak purity
determination and extraction loss correction were performed as mentioned pre-
viously. SA, scopoletin, and camalexin were quantified using a standard curve
obtained with their respective standards. Data were analyzed using Empower Pro
Software (Waters). Correction for losses was done by quantifying the remaining
[CISA in each sample, as described previously by Baillieul et al. (1995), using an
LS 6500 Multi-Purpose Scintillation Counter (Beckman Coulter). The data pre-
sented here are averages of the results obtained from four biological replicates.

Glutathione Quantification and ROS Detection

For glutathione quantification, four biological replicates obtained by
pooling rosette leaves from several plants were tested for each genotype. At the
time points indicated, approximately 100 mg of tissue was harvested. Ex-
traction and measurement of oxidized and reduced forms of glutathione were
measured by plate reader assay as described by Queval and Noctor (2007).

Accumulation of ROS was detected using DAB staining (Dutilleul et al.,
2003).

Pathogenic Assays

The virulent strain Pseudomonas syringae pv tomato DC3000 and the avir-
ulent strain Pst-AvrRpm1 were obtained from Jane Glazebrook (University of
Minnesota). Bacteria were grown overnight at 30°C in Luria-Bertani medium
with appropriate antibiotics (25 ug mL™! kanamycin and 50 ug mL™! rifam-
picin). Bacteria were washed in 10 mm MgCl, and prepared for inoculations as
described by Langlois-Meurinne et al. (2005). Whole leaves of 6- to 7-week-old
plants, grown in SD conditions, were infiltrated with bacteria at a concen-
tration of 10° cfu mL™!, using a 1-mL syringe without a needle. For the SA
assays after pathogenic infection, a concentration of 10" cfu mL™! was used.
Leaf discs (0.28 cm? each) were harvested from inoculated leaves at 0, 24, and
48 h post inoculation for the inoculation with Pst and 0 and 48 h post inoc-
ulation for the inoculation with Pst-AvrRpm1. For each time point, five sam-
ples were made by pooling four leaf discs from different treated plants. The
leaves of five different plants were harvested at each time point. Bacterial
growth was assessed as described by Tao et al. (2003) with the following
modifications. Leaf discs were homogenized in 400 uL of sterile water, and
serial dilutions (1:10) were performed for each sample. Several 10-uL aliquots
of these 1:10 serial dilutions were spotted on solid Luria-Bertani medium
containing kanamycin (25 ug mL™") and rifampicin (50 ug mL™"), and colony
numbers were quantified after 2 to 3 d of incubation at 30°C. Statistical
analyses of the differences between two means of log-transformed data were
performed according to unpaired Student’s ¢ test.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Enriched GO terms of the genes in clusters
2 and 4.

Supplemental Figure S2. Comparisons of ROS production in the wild type
(Col-0), mips1, oxt6, mips1 oxt6, and mips1 oxt6 CPSF30.

Supplemental Figure S3. Camalexin and total scopoletin contents in the
indicated genotypes and real-time RT-PCR analysis of PAD3 expression
in the indicated lines.

Supplemental Figure S4. Total SA levels in the indicated genotypes after
inoculation with Pst.

Supplemental Figure S5. Real-time RT-PCR analysis of the two OXT6-
encoded mRNAs in wild-type plants and the mips] mutant in LD
conditions.

Supplemental Table S1. Gene accession numbers of the different clusters
with their functional annotations and log ratios averaged from two bi-
ological replicates.

Supplemental Table S2. Annotated glutathione-related genes showing no
significantly modified transcript levels in mips1, oxt6, mipsl oxt6, and
mips1 oxt6 CPSF30.

Supplemental Table S3. Sequences of the oligonucleotides used in this
study.
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